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ABSTRACT

In the snalytical formulation of dynamic response of
offshore gravity platforms, a new wechanical model is
proposed to represent the foundation medium underneath
the basemat of the platform. The approach utilizes
vertically oriented beam members intercomnected by a
system of springs to model the soil. The parameters of
the model can be determined logically from the material
properties of the foundation medium for complex founda-
tion profiles. Using the proposed foundation model,
the dynamic response of 'a massless rigld basemat is
- formulated in simple closed form. Good agreement is
found in the comparison of results computed by the

proposed approach with those computed by other ap-

proaches. ‘The dynamic response of offshore gravity
platforms is studfied using the proposed approach for
foundation modeling. The study demonstrates that the
response of the platform is sensitive to the foundation
beshavior, especially to the soil ‘profile and the
location of the bedrock. The study concludes that an

accurate rapresentation of the foundstion iz wery -

important 1in Jdetermining the dynanmic response of
gravity platforas, and that the proposed approach is an
afficient tool to fulfill thiz peed.

INTRODUCTIOR

. Offshore structures are subjected to various
dynanic loads during their desfign life. Dynamic loads
are most typically induced by waves and sometimes by
sarthquakes or other sources. The response of a
structure to dynamic loads depends to some extent on
the Dbehavior of the foundation due to the
soil-atructure interaction effect, Stiff structures,
wuch as offahore gravity structures, are particularly
ssnsitive to this interaction effect. Therefore, the
soll-structure interaction effect must be accuratsly
accounted for in the dynamic analysis of gravicy
. platforms. o

The behavior of the foundation is oftén charac-
terized by the foundation stiffness and damping.
Varicus methods have been daveloped for the svaluation
of these guantities. Mathamatically, the most rigorous
way to evaluate these properties is to use the wave
equation solutions (1, 5, 6, 8, 9). Unfortunately,

.rumerical evalustion of the wave equation solution

involves complex mathematics, and is therefore limited
to problems with simple soil profiles. On the other
hand, the evaluation of the foundation properties may
be accomplished by using a finite element method to
accommodate complex soll profiles (2, 7, 14). The
computational effort required is fairly insensitive to
the complexity of the soil profile, However, regard-

less of the simplicity of the soil profile, the finite °

element method requires a large computational effort
and therefore has 1limited applications esuch as
twvo-diwensional analysis.

Another approach to evaluate the foundation
stiffness and damping is to simplify the foundation
medium by using simple mechanical models. A Winkler
model is the simplest of all but fails to reproduce the
foundation behavior as a continuous medium. To over-
come this deficiency, two-parameter models have been
proposed (4, 13). A msjor uncertainty with this
approach, however, is to relate the parameters in the
mechanical model with the actual material properties of
the foundation medium, in particular for a complex
profile subjected to dynamic loading. Recently, a new
model has been developed by extending a conventional
two-parameter model (10, 12). The parameters of this
wmodel can be determined logically from material proper-
ties of the foundation medium regardless of the com-
plexity of the soil profile. ‘Also, these paraneters
can be selected logically to reflect the dynamic
losding condition (11). This paper presents this new
method and 1its ~ application on the  dynamic

soll-structure interaction analysis of offshore gravity

platforms,

PYRAXIC RESPORSE OF OFFSHORE GRAVITY FLATFORMS
. Figure 1 shows an offshore gravity platform

subjected to dynsmic loads such as wave loads and

seiznic ground excitationms. The equation of motion of

this structure can be written as

M) (6) + (€] (D) + [K) (U) = -X {M] (2} + {P)

Ml + (1T (M) (U} = - - X (1T (M] (1) - K ¥,

48]
+ (1T (B (1)
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Iobo + (WIT (M} (U} = -y - X (BT (M) (1) + (miT (P)

wvhere [M], [C] and [K] are the mass, damping and
stiffness matrices for a fixed base platform, respec-

tively; M, and I, are the mass and mass moment of -

inertia of the basemat; (i), {U) and (U) are vectors
containing the accelerations, velocities and displace-
ments of the platform excluding those of the basemat,
respectively; U, and $, are horizontal and rotational
accelerations og the basemat, respectively; (h) is the
vector containing the heights of the masses excluding
the basemat mass; X is the free-field ground surface
acceleration due to earthquake; G, and Qg are soil
reaction forces resulting from the lateral and rota-
tional motions of the basemat, respectively,

It is shown in the next section that, by using the
proposed simplified soil model, the reaction forces Q
and Qy can be expressed as linear functions of U, and
¥o, respectively. By substituting the sxpressions of
Q, an¢ Q4 inte Eq. 1, the response of the platform can
then be SQtemined.

SCIL REACTION FORCES

Governing Equation

This section presents the governing equation that
determines the soil reactions for a horizontally
layered soil medium underlain by a rigid bedrock. Each
of the layers is modeled by vertical beams Intercon-
nected by distributed horizontal springs as shown in
Fig. 2. Although the model can easily be extended to a
3-D model, & plane strain 2-D model ian considered
herein, Under vertical loads, the beams are assumed to
move only in an axial direction and the horizontal
springs produce shear forces between two adjacent
beams. On the other hand, under horizontal loads, the
beams are assumed to move laterally due to the shear
and the horizontal springs produce normal forces
between two adjacent beams.

It is shown in Ref. 11 that the properties of the
beam and uniformly distributed springs in a singls
model unit representing a unit width of the layer ars
telated to the soil properties through .

® = p g,l(v) for vert. bean response
- p ghlv) for horiz. beam response
ky - E* Ev{v) Eu(v) for vert. beam respouse
- E* ghiv) £4(») for horiz. beam response

‘ . {2}

kg = 0.5 E* gy(v) £4(v) for vert. hean responsa
- E* gn{v) f,(») for horiz. beam response

wvhere m is the mass per unit length of the beam; ky, ix
the stiffness of che beam per unit length; kg is the
stiffness of the distributed springs per unit length of
the beam; B*, p and » are complex Young’s modulus, mass
per unit volume, and Polsson’s ratio of the soil,
respectively; gy (v) and g,h(»), which are given in Ref.
11, are about one for v < 0.35 and less than one for »
> 0.35, and

Epv) = (L -»}/[ (L +») (1 -2v)]

fa(0) = /1 (1 + v} ]

Assuming a linsar variation of displacement with
depth within each particular layer, the equation of
motion for a particular layer of thickness £ can be
written as- (11)

_[NL] Ul'(x.t) .,.[KL} Uy(x,t) +[HL] ﬁl(x,t)
Uy (x,t) Up(x,t) ly(x,t)

- [qux.ﬂ] L))
qz(x.t)

where q)(x,t) and q3(x,t) are forces diatributed at the
upper and lowsr ends of the laysr, reaspectively;
Uy(x,t) and Up(x,t) ars displacenents of the layer at
t:-d upper and lowar ends of the layer, Taspectively,
&

U (x,t) = azugx,t!
axl

U (x,t) = 2%x.t)
acl

r ML} - 2 1
() -m (2 1 “
(KL -t/ (1 -1 '
-1 1
()=t (2 1
6 1 2

Obtaining Eq. 3 for all layers and applying the
compatibility and equilibrium conditions at the inter-
faces between the layers, the equation of motion of the
entire layered system is finally expressed as

-[N] U=, t) ) o+ (K] L U(x,t) )+ (M)t Tex,t) )
- { q(x,t} } (5)

~where (U(x,t)} is the vector containing the displace-

ments of the layers (l.e., displacements at the
upper-end of each layer); [N}, [K] and [M]} are square
matrices with a size equal to the nunber of the layers,
and are cbtained by superimposing [NL}, [K*] and [ML]
of all layers as illustrated in Fig. 3,

Solutions of The Governing Equation

The solutions of the governing equation for both
horizontal and rotational excitations are derived in
this section. The solution for vertical excitation can
be derived in a similsr approach. Figure & shows a
rigid basemat of an offshore platform with a width 2d
subjected to & harmonic lateral or rotational excita-
tion. The soll medium i{a divided into three regions as
shown in Fig. 4. The equation of motion of the soil
mediun in the left and right areas 1s given by Eq. 5
with {q(x,t)} = {0)}). Solving Eq. 5 for a displacement

- amplitude {U(x)}, and using the relationships {T(x))} =

[¥] (U'(x)), in which (T(x)} 1is the vector of spring
forces acting at the sides of the beam (side force),
the following force-displacement relationship at the
boundsries CD and EF can be derived:

(LR yaps) ¢ ulR) (6)

where {Ul) and {UR} are vectors containing displace-
ments at CD of the left area and at EF of the right

.area, respectively; lTLl and {TR} are vectors contain-

ing the side forces scting on CD of the left area and
EF of the right area, respectively. Eguation 6 can be
split into. .

_TAL'R = Sas Uy Ry ?ABT ?!'BL'R_ (7a)
TBL,R - g'BA UAL.R + E’BB ‘ﬁ'BL,R . (7b}

where T, and Uy are the side force and displacement of
the top layer, respectively, and Tp and Up are the side
forces and displacements for the rest of the layers,
respectively. Hence, -

{57 =15 SasT; tTr=l Il Uy =)Wl @
Tna Shs Tg Up
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. where gAB

and 3& are vectors with a size equal to the
cotal nusber of layers minus one.

the behavior of the soil at the central ares is
rned by Eq. 5 with

(g{x.t)} -[CIAéx-t)] and {U"(x,t)) -[ﬁ":(x,t)]

contact pressure between the
is the vector containing zeros.

e

ere qafx.t) 18 the
;:semat and soil, and
for steady state harmonic motion,

Hence, Eq. 5 for the
central 8rea can be split inte :
~ r
- FapT Up"(x) + Bas Up(x) + Rapl Up(x} = qalx)  (98)

. gp (x> + Fps Tptx) = - Fpa Va(® (9b)

where Ug(x) = Uy for horizontal xesponse and Upl(x) = %

o for rotational response, and Raa, RABT, ¥ap and Rpp
sre partitions of [R] such that :

[R] =| Raa EasT
i o~
BA REB
and [R] 15 defined as [R] = [K] - wl [M], where v is
the circular excitation frequency.

1)

A general solution fox ﬁn(x) can be obtained from
Bq. 9b with Up(x) = Uq for horizontsl zesponse and
Uplx) = = ¥, for rotational response. ;he vertical
hear force %’B(x) can be obtained by Jp(x} = 'ﬁBB
\!fa'(x). The -expressions for Ug(x) and p{x) contain
unknown constants, which arTe detemix%ad from _the
houndary‘_cond tions at CD and_EF (e.gf g(-4) = BL'
UB(d) - U-BR' B(“d) - EBL and Tn(d) - .BR)‘ After the
unknown constants are determined, Ug (x) can be ex-
pressed in the forn of

Bpix) = Kulx) Yo

- z.*(x) x ¢, for rotational response

for horizontai tcspcm.se (A1)

where ‘A’u p(x) 18 the matrix determined by solving the
unknown constants. The expression for zu.*(x) is given
in Ref. 11.
Equilibriua condition of a rigid base requires
Q, = Tal + 1,.R + jg qa(x) &
(12)
Q,-drA"-+a'rAR+fdd [x qalx)] dx

Substituting Bqs. 7a, 9a and 11 into Eg. 12, Eq. 12 can
be rewritten as '

Q-2 (8pn+ T RuC-0) + R @+ I: Fap B () #
et Bu(x)) &x ) Up |

Qp = 26 1S4y + BnaT Byl-®) '+ Ban €773 + (/02 o2
(Tap Fyr () RanT Aglx)rex) 9

integrations of (x), Ko e(x), x K, y(x) snd x
ﬁf‘(:) gcr % are ;ixvuc'n*in cl&iﬁ form in i:f .11,

ASSESSMENT OF PRESENT AFPROACH

foundation stiffness snd damping values were
calculated by the prasent spproach and cowpared with
those computsd by other solutions using more rigoroua
approaches. TFigure 5 shows the cowparison between the
prediction by the propesed method with the finite
slement results ecomputed by Tassoulas (14) for a

as1

_overlaying a bedrock,

howogenous visco-elastic medium underlain by a rigld
base. In Fig. 5, B is the material damping ratio, G
and v are the shear modulus and Polsson's ratio of
soil, respectively, and a, is defined s dw/Vg, where
Vg is the shear wave velocity of soll. Good agreement
cen be seen generally., It is noted that the present
approach did mnet predict the second minor peak in a
horizontal response. It is because this minor peak
corresponds to the resonance involving vertical soil
motion and the present approach assumes no vertical
motion in the seil medium when the foundation is
subjected to horizontal excitation. The validity of
the proposed simplified approach is also assessed in an
sxanple involving & nonhomogeneous soil profile illus-
trated in Fig. 6. The results computed by Gazetas
using the wave propagation equation solution (3) were
used for comparison. Again, good agreement between the
two resulits validates the present approach.

APPLICATION EXAMFLES

 The soil and structural data of typical deepwater
grevity platforms on soft scil were used in this
example, which are shown in Fig. 7. The superstruc-
ture was ldealized as a vertical rigid beam system with
a single mass. The weight was sssumed to be 75,600 KN
(17,000 K) located at 100 m (330 fr) above the founda-
tion. The basemat was assumed to be rigid and 187 m
{614 ft) wide. In computing the dynamic response of the
platforn in this example, the soil reaction forces to
the basemat were calculated by using three different
acil medels: (1) Model A developed by the proposed
simplified method, (2) Model B based on elastic half
:Eace gsolutions under plane strain conditions (3), in

ich the damping includes both radiation and material
damping, and (3) Model € with frequency independent
spring defined for static conditions and dashpot
reflecting material damping only.. In brief, Model B
jgnores the presence of the bedrock and the wvariatien
of soil properties with depth, Model C does not account

" for the frequency dependency of the dymamic properties

of the foundation, and Model A is the most accurate
modeling of the foundation among the three models.

Figure B compares the spring stiffness and the
equivalent dashpot constants of the three different
aodels for various frequencies. Model C glves constant
lateral and rocking stiffness that match the stiffness
of Model A at very low frequencies. The dashpot
constants of Model C also match those of Model A
closely for low frequencies, indicating that for low
frequencies the damping predicted by the simplified
s0il model comes from the soll material damping. This
is consistent with the observation that for a stratum
radiation damping it absent for
frequencies lower than the fundamental frequency of the
stratum. At frequencies higher than the fundamental
tesonant frequency of the stratum (0.8 cps), waves
propagate laterally to {nfinity and therefore Model A

- begins to vary from Model C.
By comparing the damping ratios of Models A and B,

it is concluded that 1f a layered stratua is approxi-
mated as a howogenous half space, the radiation damping
is unrealistically over-estimated by a factor of two to
three times. This is consistent with the observation
that the layering of soil and the presence of bedrock
greatly teduce the amount of radiation damping from
that calculated for the homogenous half space. The
spring stiffnesses for the homogenous half space (1.e.
Model B) are fairly close to the other two models for
low frequencies, and only vary slightly for higher
frequenciss. i

A unit harmenic load was applied laterally at s
height of 192 = {630 ft) above the foundation. The
yesponse of the tower at this location was then calcu-
lated by solving Eq. 1. The results for the three




different foundation modals are compared in Fig. 9. It
shows that the results of Models A and C are reasonably
close, indicating that the dynamic effect of the
foundation has not significantly influenced the ra-
spense of the tower. This is because the fundamental
Tesonant frequency of the soil stratum is around 0.8
cps, and, at frequencies below this, the dynamic effect
i{s not so pronounced, as previocusly noted. Figure 9
also indicates that Model B greatly under-estimates the
response of the tower dua to the over-prediction of
damping.

To demonstrate the effect of dynamic
soil-structure interaction on the response of the
platform, the weight and height of the superstructurs
wers reduced sc that the resonant frequency of the
system fell into & higher frequency range. Figure 10
compares the responses of the tower for the thres

- different foundation models. The response for Model A

reflects several vibration modes of the stratum and of
the scll-structure system, and is significantly differ-
ent from that of Model C. Again, Model B
undar-estimates the response of the tower significantly
dus to the over-prediction of damping. '

The sensitivicy of the platform response to
different soil profiles was also studied. The depth of
the stratum was increased by 91 = (300 fr), and the
soil shear modulus was assumed to be constant beyond 98
m (320 ft) below the mudline. The corresponding
lateral and rocking stiffnesses and equivalent dashpot
constants of the modified profile are shown in Fig. 11
and compared with the corresponding values for the
original profile. The response of the platform,
together with the response previously obtained for the

original profile, are compared In Fig. 12. The compar- -

fson indicates that a significantly different response
results from a slight change fn the soil profile. For
instance, the platform response was increased by 100 §
at 0.3 cps, but was reduced by 50 & at 0.4 cps.

CONCLUSIOR AND REMARES

The proposed model for a foundation mediun engbles
us to devalop simple expressions for the soil reaction
dus to the dynamic response of the foundation for
complex soil profiles. The computation of the dynamic
response of offshore gravity platforms wusing the
proposed modsl for foundation modeling iz found to be
very efficient. A study of the dynamic response of
offshore gravity platforms indicates that the predicted
slastic response is sensitive to the modeling approach
of the foundation medium and to the variation of the
soil profile. Therefore, an accurate repreésentation of
the foundation soil is essential Iin the dynamic analy-
sis of gravity platforms. This further suggests that
where large foundation responses are predicted, soil
nonlinearily may become important. The present study
is limited to ths slastic conditions. However, it is
possible to accommodate the soil nonlinearity in the
proposed model. -
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Figure 12 Response of the Tower for the Original and
Modified Soil Profiles
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Figure 11 Spring Stiffnesses and Dashpot Constants for

Original and Modified Soil Profiles



